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The object or this thesis is thre- fold, to pi .^tnt 
the theoretical analogy bc,t».v.v.n the riot of a coe; F easible 
gas, such as air, end the flo«* of w; ter with & free snrfxct, 
to describe the details of construction of the ter t ble 
ehich utilises the above analogy, and to outline and remon- 
strate the applications of the water table In the investi- 
gation of air flow. 

The analogy between air flo* and water with a free 
surface is presented in * 5 &rt I. Part II contains a otscrip- 
tion in detail of the construction of the • .* ter table at 
the Rensselaer Polytechnic Institute, The applications of 
the weter table and one demonstration of its use arc found 
in Part III. 

This work was done during the months of February 
through Vay 1&47 at the Rensselaer Polytechnic Institute, 
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The folio*' in* ixotr end turt ii t_s •* 1 b ' ni* 7*.; c,rs 



Cp r s celflc best .t caiii tvnt jtrLSsurt, Ecu f vr lb : » r c*g f 
Cy • s ■•eiflc h«*« t ,A.t con&tWit volusae, Btu lb pm fleg F 
d « different! 1 

d ** p.a*tifll differ ertl*! 

g » oce-lsrbtioii of *r vifcy; if: .1 f»s ?er •>«« 

J s? 77o* to ft~Xb *r Btu 
l* - aechwiio* 1 orkj Btu pe lb 
P s: pressure, psfe 

| x text M«t=d, Btu per lb 
R a: g:ts constant; 5&«3 for • ir 

? r obcolutu static tt«p%n ture, deg R*nkire 
¥ = specific voluae; cu ft per lb 
v r velocity, fps 
Vg - velocity of * sound wive, fps 
f «i r sxucliKUR velocity 

n -eight flow, lb per sec 

y « r^tio of guS specific heats, Cp/C v ; l„3t5 for cold uir 
(° » 22 < : ss density, slugs per cu ft 

t-f 



1 w x* 



The following noatt nela ture is wus in this paper: 

1AM. 

a,b,c = components of the v locity in the A,y ,* directions 
h r water depth, ft 



^0 - 


UUl head (water depth hen v=.. ) , ft 


hi = 


to fcal he d f tor hyArvuli* jump, ft 


P r 


pressure, utfa 


* 


quantity of flo-r., cu ft per sec 


V ~ 


velocity, fps 


* 

*r. - 


velocity of propog- tion of t surftc. »«vc, fps 



v „ - s&xiavji velocity 
a ■ x ~ 

x ,y ,z ~ rectangular coordinates in flea space 
^F o> T o ~ s ^agnation state (subscript *o*) 

(° «. Bass density, slugs per cu ft 
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IKTxiOfcUCTIQ* 

The operation of s supersonic .-.ir.d tunnel for test 
Rork. at transsonic and supersonic air speeds is *n expensive 
project* re uirlng costly e jUipjaent* elaborate instruments- 
tion, and «.n enormous amount of power. A sizeable stiff of 
skilled technicians and much time re needed in the fabrica- 
tion of models to bo used in the tunnel and in the factual 
operation end maintenance of the tunnel ena its adjuncts. 

The reduction in the amount of te.-t • ork thrt must be 
done in high velocity air not. Id save r considerable mount 
of time and expense. This would facilitate design* experi- 
mentation, and theoretic?! research in the field of high 
velocity airflow. 

It is the intent of this paper to show thr t the **.ter 
table any be ad van t fag ooias ly emaloyed in conjunction «itfc 
tho -.;ind tunnel. Its use for preliminary .ork * oul- replace., 
uo •- cons inert ble ext nt, the operations rwecese'ry in the 
wine tunnel. 

The work herein pro tented *e.s under taken ith three 
primary objectives in mind: (1) *V investigation of the 
existing theoretic. 1 ctulogy bet ten the two dimensions.! 
flo of a co®rrt.ssiblG £.*•£, such as air, ;nd the flo*. of 
ihallo water with free surface, (£) the construction 

of a •xtar table* device e ig no' to utilise the flow 

am. logy* arid (o) an investig* tion of the flo* around & 
fc bn^ic models in order to check the 'n-.logy ith 
existing air flo - theory and to d monstr'. te the usefulness 
of the water t. ble. 
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By £ comparison of the energy ana continuity equations 
for two dimensional gas flo. end water flow with a free sur- 
face, It w as found that an analogy exists bet ecn the ratio 
of absolute air temperatures and water ds< th ratio, the 
ratio of gas densities •snd • ater depth ratio, rud the ratio 
of gas pressures end the square of the ..Etcr depth ratio. 

This analogy is quant itaievly correct for a fictitious gas 
having & - Cp/C v of 2,0. * Hydraulic jump” in water flow 

is used to represent “compression shock” in air flow. 

In order to demons trste the usefulness of the vater 
table as applied to the study of supersonic air flo» , it 
was originally intended to check a few of the existing 
principles of supersonic air flow theory on the water table. 
Experiments rere slso proposed to investigate that part of 
high velocity air flow about hlch iittl. Is known at 
present. Due to difficulties encountered in the construction 
of the water table, little time was available for model 
construction tn.d test work. Therefore, only one application 
of the water table is presented. This is an investigation 
of high velocity flow ..round a fifteen degree weag c. 

This • ork ns done during the months of February 
through Key 1G47 t the Rensselaer polytechnic Institute. 

The water table was constructed in the Jfechrnical Engineer- 
ing Laboratory of the Rensselaer polytechnic Institute. 
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fHL rATlR AHaLOGY OF v.tlthOOKIC Alt iU- 



Reversibility , in the ca^-e of .*• compressible fluid 

such as air, is defineu by the st» t eaten t th t the ohr-ny e 

in internal energy (Cy5T) is caused entirely by expansion 

or compression work (~Pa¥) or 

J 

J«VlT)-f PdV = 0 (1) 

The strte of a compressible fluid, is th fined by the gas 
e ustionj 



P¥ - RT 



If the gas equation (u) is uifferentixted *e h*Ye: 
PdV-f-Vd p » Pd? 

sjafi since, at any instant, V - RT f then 

r 

PgV 4- ?$£ - RdT 



or 



PGV * RdT - HTS£ 

Substituting this v*lue for PdV in equation (1): 
J(C V + |)dT “ R?fr 

but 

c v + 5= C P = 

Then equation (4) becomes; 

JL dT - T 22 
y-i p 

or 



Y R where Jr* £p 

T^T j c v 



(£) 



( 4 ) 

(4) 



ci?_ y-1 dP 

t y 7~ 



M 



(5) 



(«) 



Integra ting (&) gives t 



jfcL 

f = (f-) v 

Po 



or 



JL. 

P (? 

?> ~ VT 

1 O ~G 

froR the gas e nation, using (v) pcrunds of air; 
PV r RT 

or 

? =^«ST 

Using this P in equation (0) gives; 



Then: 



4 - - OP r " 

/o ^ O 

8y conblniKg e quations (0) and (8)* 



( 7 ) 



/L.(L) ^ 

/> T ” 'T 7 

lo 



(a) 



•' - (e) 

Equations (6) , (8) ? ?■ nd (&) define the relationships 

between V 9 f * and T for cosanressifcie gas flow *hich is 

reversible (no host added « nd no friction). 

The general energy e auction for gas floaj 

do -f dL - C v cT -K-IpdV -hJ-.yd? -hJ^vdv 

3 J Jg 

For the cose of no he< t added F.nd no outside work done on 
the g a (dQ - 0, dL « 0) : 



but 



C«dT +- i?dV •+ IVa? -f- JLvdv = 0 

v J J J g 



C w d? 4= ^_iPdV + IvdP « C, GY 
v ^ J - u 



Then: 



( 11 ) 



Integrating between the Halts of 7 0 ®.nd T: 

Cp(T 0 -T) - ~"”jg( v o ~ v ) 

If T 0 is taken at the state of rest (v Q - 0 ) , equation 
(10) becomes; 

C ? (T 0 -*) = 

Using Cp in the units of foot-pound. s/ egrce Rankin* : 

Op do -T) = ^or V ^E0 p (T o -T) (1£) 

The energy equation in the case of frictionless 
*&ter flow states that the sum of the potential energy 
end the kinetic energy of & w&ter particle is constant. 
Consider a flow filament (Fig. 1) which p. sst-.s 
through the point y 0 , z Q of the initial cross section 
x - 0. Along this fil merst, between the pressure ? nd 
thw velocity v, the energy e nation is? 

ji jg 

W + l^v +^|K : Const- nt - P G + £^v\+ogz 0 (13) 
On the free surface of the. a ter P is constant and e -Uf-l 
to the atmospheric pressure, P&. In rhat follows, se may, 
without error, set this to zero since only differences 
in pressure are of physical significance in the crue of 
incompressible flo -s. If the water JTlo.<s from wn infinitely 
wide bv sin then v ; - 0. The curvature of the free s«rf*.ee 
is also zero t this point. It is logical to choose this 
point as the reference point x Q , y , z Q . The corresponding 
w? ter depth is denoted by h c . For the above reference 
point, the Bernoulli equation is: 

O > 

P + £g* e P G +-^g* D 



or 

v s i-f(» c — ) - (P 0 -P)/^ (14) 

It it reasomtle to .ss*u*e that the v&rtle* 1 
Acceleration of the **ter is negligible co» : »#rvd »ith 
the » ecelerv tion of gravity. Under this assumption 
the static pressure at point in the field of flow v rie* 
linearly with the vertical dist.cr.ee from fch- t point to 
the free surfaces 



p o - (3«(V £ o> ( i5 > 

and 

P = (>g(h-i) ( 16 ) 

Substituting (15) end (16) in (14) gives t 

v “ - f g (h 0 ~h) = •- ghh (17) 

The shove energy e.iu» tion is valid fo i the flo%. 
filan&nt passing through y. and a at x = 0. Since, at 
x r 0, all the filaa&nts which lie one above the ether 
have the scnc h Q end v Q (zero), end since equation (17) 
does not contain z.. the velocity v st x and y is constant 
over the entire depth aru is eanl to the difference in 
height between the total head (ho) end the free level 
(h), (4h), *t most cun e ual h Q . The m xlmcsn velocity, 
therefore is 



LI.X • 

If we write e nation (17) 



<— 



O 

in dimensionless fora: 




-it 



( 13 ) 



Kr OKs equation (lr.) It is obvious that th* m •- xim- 



velocity in gas is 






v mx = )/ -sc. To 

(-S-0* 



V B IUX 




From equ tions (18) .nn (IS) it may be seei, ti • t 
the ratio of the velocity to the maximum velocity for 
the water .end the gas floss bee oar s e.t'l if 



Equr tion (i -0) sho’-s tir t, with respect to th« 
velocity, th'.re exists ?n analogy b«t«.ecn the to flcv* 
if the depth ratios are cospared ? ith • bsolute g as 
temperature ratios. 

By comparing the e position of continuity for the 
«. ter flo* sith a free surface to th?t of a ga , it is 
''ossiblc to obtain another -n-logy. 

Consider at x,y, siaall fluid prism ith the 
dimensions d-, cly, rnd h (Fig. 2) . Let a, b, and c 
represent the components of the velocity in the direction 
of the x, y, ' nd z ^x*: s respectively. 

If the assumption is madm that the vertical accelera- 
tion of the ’-rater is negligible in comparison to the 
acceleration of gravity, equation (16) c*n be used in dif- 
ferential form sj 




or 




(i'i) 



and 







The right sides 



n 

ol 



the fibovi. 



e % u tions ft re independent of 



s, which ateznes that the horizontal &cecler„, tions of all 
points along a vertical are al«o independent of 2 , The 
horizontal components, & end fc, are then constant over the 



depth h. 

The continuity equation for this type of wt ter flow 

states that the rate of mass flow into the prism is equal 

to the rate of flow out of the prism fine© the density of 

the water is constant, the inflowing volume per unit time 

(d.Q- ) must equal the outflowing volume (62 . } . 

In Out 

dQ_ = ahdy + bhdx 
In 

and 

dQ. r (& +^~dx} (h-h^hc z.)dy + (bxAkdy) (h-f- A&dy)<j 

Out a a iy dy 

By expana ing and neglecting infinitely smr 11 vagnltudea 
of higher order, ve haves 

dxay +- dxdy - 0 

Anu dividing by dxdy* 

i&il + 1M1 Q (21) 

2x T ^y 

Equation (LI) is the continuity equation for 
stationary . ter flo»* 

The continuity equation for a two dimensional 




compressible gas flo- is 






4- LL 



0 



(i-ii) 



Situations (LI) xnd (Li.) obviously h<? ve the same 
fora. From these equations it is possible to derive a 
further condition for the analogy of the t*o flo* s, 
namely, that the density of the g s floe corr s cords 
to the depth, h, of the * titer. Expressing thi an logy 
as a dimensionless ratios 



i. 

<r. 



K, 



(>i5) 



It is now possible to investigate the .fcysic 1 
nature of this gas which p.& are cos. aring v-ith the flow 
of water with e free surface. The adiabatic equation (S) 
states that* 



C ~ ( T 0 ) 

Pros (HO) am (u3) re haves 



h 



ho 



tnd 



JtL = J* 

C* 



By substituting these values in equation (d), we have 



the e jUatioxi* 




which obviously is satisfied only if 




t.o 



Thus it is shown thru the flow of the voter is quanti- 
tatively comparable with the flow of a gas having a ratio 

—he „uul to h.O 

Gy 

Another analogy, probably the most important from 
an experimental point of view, ie obtained fron the g; s 
equation* 



l-ur 



or 






i'o 



v JL 

- e. 



iy ju&ititutin* Uu v,.lu- s vf J[ ia Ur*ju t -p- 

e. ho 

** r. ?c j 



? 5 “ : 



(■■ 



K u> fcion (t 4) c n Iso t< deriv. . bj 
of th* *c.l&b'. tic * if tic ns (6) or (0) «<iid Jf * u.Q* 

For a cowpr* ssiblr gas, the v loeity of pio giticn 
of a sound • Y€? v - ^ygBT.3 Th* velocity of : o - g- - 
tier* of # turf. e« cv in ±h Ilo* tor 1* v* ~ y gh„ 
This velocity is called the." critical velocity*. 

In . gas €>p k j>. ir«; tiarow;h * no- * 1 * tn^r* i.* a 
critic*! -r 1 asnri r->ii© *fc fcidh sonic velocity occwr* 
st the throat, Ii th cjm of sir *ith & 



th* critic*.! -r 2 , ur- r.»tio is 



» rt 



. fZ 



l.tfau. If th«' r tio 



of th'- pr- ! sure *.fc the nostle ■ s tr nc« to th- • thro t 
cresntre (ife ) i • Xe*i th*n thi> valve, sonic velocity 
e.-ru-ot occur in th-- not • 1« thro * t * / n «iu logout condi- 



tion occur f in th- ter flos*-, 

?he critic 1 ve locity of • ter is \j gh» Frcr the 
a/trgy t uiticas (17) - f haves 



1* Kell ?. Bftilsy, n rh*- Th- n*-cyncsiei of Air t High 

Velocities.* 

L. Fa.rr-st *'reis erk, **pv*lie tion of the Ifethod of Gas 
I$r»s.Jiics to n;«r Floors *iUi Free turfYc*’, I, 

If VC* TX 054, p. 6, m.. 






V s r *-g(i\3 -h) 

By substituting v* - gh, r.:u. vlor (17) b^eoaies 
gh r -gin, - Igh 



or 




3 



Then at txry point here the w ter der>th is tao thirds of the 
total he a, the <■. ter is fio-ing t he critical velocity. 

In eir, if the kuch r.utber (M - ~£) is lesr than one, 
the flow is s. id to be *sub;onic* and if U is greater than 
one, the flow is « supersonic”. In *at r, if Is less 

v t> 

then one, the flow is known as « stressing flow 1 * ..net if — 1 
is greater than one, the flo* is * shooting flow”. 

If air is fleeing ct supersonic velocity, a disconti- 
nuity a&y occur in which the velocity suddenly d*=’ creases to 

% 

a subsonic value which - itislie the conditions of flew. 

This discontinuity i- C' lied • compression shock” 

and theoretically takes place in a very short distance. Just 
as the velocity suddenly decreases through a plan- shock, 
the pressure suddenly increases, hen supersonic g:s flow 
ia forced to change its flo* direction, due to an obstruction, 
an «angle shock r will occur.* It is kno»n thut an analogous 
discontinuity , called the ^hydraulic jujap«, nay occur in 
shooting wetor flow. .Asin a gas, tt o c* oes of the jusp are 
possible; (a) In the right jusp, shooting *•- ter is eon- 



3. Hell ?. B iley, « Abrupt Ihergy Tr nsforaa tiers in 
Flowing G*ss«, } : yendix B, p. 2* 

4. Ibid, p. ?/. 



verted into streaming flow and (b) in the slant or oblique 
Jump, the flow *my or nay not go to streaming after the 
jump, depending on the — of the water. 

V H 

A sunuui’y of the flow analogy is as follows; 





T.i'o 

GAS FLO 


LI. LID FLOt LITE FK££ SUM**. 
Ill Ghi.Vra FIELD 


Kature of 
flov medium 


Hypothetical gas 
with 1.0 


Incompressible fluid (wate 


Side 

boundaries 


Geometries lly 
similar 


fide bound t .ry vertical 
Bottom horizontal 


Analogous 

magnitudes 


Velocity 

m&x g 

TcSi/cratute ratlo,*2. 

p T ° 

Density rEtio,-j~ 
Pressure ratio. ~-~ 

fo 

Sound velocity, v| 


Velocity — ~ 
max w 

Depth i” tio, ~~ 

P 

Depth r tio, 

n ° h 

Sguare of depth ratio, 

■•ave velocity, v£ 




tfach Humber, 

v g 

fub sonic flow 


Dach number, — £ 

V sT 

Streaming flow 




Supersonic flow 


Shooting flow 




Compression shook 
(plane and angle) 


Hydraulic jump 
(normal and slant) 



Thu* far «*<& have shown tho analogy that c n bw 
made between water and a gas having a ^ of L.G. The analogy 
between the compression shock and tho hydraulic Jump, 
ho*ever, does not strictly hold. The energy equation (17) 
between the velocity and the depth for *ufcer flos is? 

V' - ^g(ho -h) 

ahere the total head, (ho ) , is constant. In the case of 
tho hydraulic jump a portion of the Kinetic energy or the 
water is *onverted into heat. For this reason the total 
heed after the ju*p, (Xkl) s is smaller then the total heed 
before the jump* (hQ ). Af t*r the jump the energy eq.utt.tion 
is? 

-T r tg(h^-h) 

The energy loss during the jump bears v siaq Ic- relation 
to the intensity of the jump. In tho flow ever a horizon- 
tal bottom the potential energy is a slniarus if the \b ter 
aepth, h, is zero. For & mass of i ter, c., t & depth, h, 
the pot ?Kti#i energy Is P r m*h/2l. 

Cince the kinetic energy ~»t joints of rest is e qu&I 
to zero, the energy loss, (ae), which occurs in the hydraulic 
Jua? »sy be computed * s the difference of the potential 
energy it a point of zero velocity before and after the 
Ji'jsip, or 

as - mg(_iio. - Il&) 0-5) 

**• r j 

iv 

By divining this energy loss by the energy before the 
jump, e r the relative energy lo^s is obtained as: 



This is the relative amount of em.rgy nhich has besm 
converted into heat and is lost energy insofar t> vi&ter 
is concerned. 

In a g&&, the heat gtner cited by a shock is not lost, 
but is Etc rely converted into thermal energy, and the total 
temperature, consequently the total energy , is the seme 
before end after the shock* Simse thv compi rable w* ter 
magnitude to the gas tenperrture is the depth, the analogy 
is not strictly true after hydraulic Jump. The energy 
loss in »ater^ is • xtrem-ily small ov?r * 1'rge region of 
jump intensity, the relative loss being less than one 
percent for up tc 3,0. #s . re.ult of this s**ll shock 
energy loss, tfc analogy of tbs t o ty»^s of flow is still 
v lid as a very close &pproxiuu tion aitfeia the range of 
8*&ch numb rs eurr ntly employed. 



5. Preis- erk. Op, cit. Part II, p. 
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PART XI 



CONSTRUCTION OF TEL K.P.I. i^TLK XkE Lh 

The essential element of a ws ter table is a horizontal 
surface with vertical sides over hich a shallo- stream of 
water flo*s. The necessary adjuncts to the surface are a 
frame- ork to support it, the tanks, pump, and piping to 
supply, the flowing water, and the necessary measuring instru 
oents. The following description of the . ter t ble construe 
ted in the Kechanical Engineering Laboratory at the 
Rensselaer Polytechnic Institute will serve to illustrate 
one method of fabrication* 

The surface is a sheet of plate glass, £" x 48" x GO"* 
Glass was selected for two re. sons. First, gl ss is one of 
the most- frictionless surfaces obtainable sufficiently rigid 
to maintain a horizontal plane. Second, the use of glass 
makes possible the taking of photographs of the flow either 
from above or underneath the surft.ee of the table, illumina- 
tion being supplied on the 3ide opposite to the camera. 

The frame is constructed of hite pine. Th~ t: bit box 
is constructed of L" x G" pl-nk, the legs of 4" x 4" timbers 
and the erossbars and leg braces of M x 4 W stock. An 
isometric drawing of the frame is shown in Fig. 3, and 
actual dimensions ctn be found in Fig, 4. All joints are 
mortised and secured by bolts. To provide for leveling the 
table, the bottom of each leg is fitted v ith a steel 
plate into .hich is threaded a steel bolt. 
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'fhte glass is supports ok the sides by 1" x &*« strips 
of wood screwed to the frame 011 a thv> forwwra *.*d after ends 
rest in grooves cut in the a* x 4« crossbars. Details of ths 
support arrangement ere shov.n in Fig. 7. Two 1# angle irons, 
surfaced with masonite, placed, one-third the length of the 
glass from each end, supply support across the table. The 
glass is held firmly in place by 1* x D« wood strips running 
the length of the? table. These strips r re covered with, 
copper flashing in order to piovide smooth vertical walls 
and to prevent the possibility of warping due to fccr-to- 
wood contact. To insure -4 ter tightness <md avoid 0 meuel- 
to-glass contact, a strip of | H sponge rubber is secured 
between the aopper and the glass. 

The tanks are constructed of lu-guuge rolled sheet 
steel. Dimensions of the forward tank are shown in Fig. 5. 
This tank has a capacity, up to the lip, of about five cubic 
fe«t. The forward tank is bolted to the frame on three sides. 
The four-inch lip rests upon the forward k 1 ' x 4* crossbar 
and projects over the for*< rd eege of the glass. The lip is 
prevented fro» direct contact with the glass by a strip of 
} K sponge rubber. A throe-inch flange 1th a standard 
pipe thread is bra sec to the bottom of the t*nfc to "ceo®- 
modate fchu supply pipeline. 

ri* ensions of the of ter tank ore shown in Fig. 6. 

It has & capacity, up to the lip, of about 3*3 cubic Xcet. 

The after tattk is bolted to the fter end of the frame and 
tfc© one-inch 11, rests in a groove cut in the fter l* 1 x 4** 
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crossbar. A strip of copper flashing runs fxot? the aftc-r 
edge of the glass, over the tanklip, and into the tank, This 
provides s smooth surface for the water floii and prevents 
» a t er - to -s ood contact. Three four -inch flanges with standard 
t^o-inch pipe thread are hrased to the bottom of the tank to 
accommodate the discharge pipelines. 

The water for this table is self-contained and recir- 
culating. For this purpose there is an 80-gallon capacity 
sump tank at the after end of the table. The piping and 
connections between the puajp, t- o table tanks, a ad sump tank 
are shown in fig. 4. Since the pump is an alternating cur- 
rent eleetric-driven constant speed cod trifug*! ty^-e, a 
controlling vulva on the discharge side of the pump and a 
uster by-pass line arc used to throttle and divert the 
flow. All piping is tro-inch steel except for the by-pass 
line sug short section leading into the forwxra tank, which 
are steel. Valves are located in the three discharge 
lines from the after tank to regelate back pressure on the 
table surf- ce. 

To a- . sure su ter f 1©* , there is c flat plate orifice, 
X*k5 R in di-ssseter, in the if* line- locoing to the for ard 
tank. Pressure taps, loos tec in accord; nee *ith the ASKk 
research publication on fluid meters®, are connected by 
rubber tubing to a U-tubo * ter-filled wr-nometer. The 
orifice and manometer '.ere calibre ted by ; sighing the 



0. B Fluid deters, Their Theory and Application," Part I, 
ASME Pcs .rch publication, 1&S1* 



amount of ter flowing in a ®est*ure4 interval of time. 

A calibration curve is shown in Fig. 9. 

To measure depth on the »- ter table surf w, a hook 
gawge, capable of measuring to 1/luOO foot is useo. The 
hook as i*epl«.ceu by n straight pointed rod for greater 
convenience and accuracy. The gauge is isounttd on a wooden 
block which slides freely along £» x S K wooden stringer* 
The stringer rests on the table frcne, Perth is measured by 
taking the difference of a reading at the glass arid one at 
the i ter surface. 

A wire basket filled -ith small rocks is as ad to 
smooth out the water flow. This basket is fabricated of 
two strips of * n ire mesh hich arc three inches apart. 

The h sket rests in the center of the forw rd tank and 
runs the idth of the tank. It also serves the purpose of 
a • ater filter. T-o eirs .re provided to supply the neces~ 
s ary total heed. They are fabric: tec of 14 gauge shout 
brass, rolled nd cent to the desired shape. The uRoerise:* th 
side of each eir is fitted ith three equally spaced 
•ooden blocks into each of hich is secured a bolt. The 
>ooden blocks arc held in place by sarll brass t t chine bolts 
hich -r« countersunk into the tor of the pair* The bolt 
herds ar' cover d with solder "hich wss smoothed to conform 
to the sh- pe of the surfac of the voir. Th securing bolts 
project through holes in the lip of th- forw; rd tank and 
crossbar anc are secured by nuts bearing g inst the under- 
side of the crossbar, ’atertightm as is maint ined by using 
caulking compound between the weir w iM. the t ble sides and 



tank* Details are shown in Fig. 7. 

The woodun models used thus far in conjunction, sith 
exp«ri*«nte on the table were fabric:* ted of -..bite pine and 
finished with sptr varnish, s.nded to a fine polish. 

To minimize surfs ce tension, a netting agent ii used 
in the • a ter. 

Fig. 10 is a photograph of the cceplc t.-o t, tie in 
» hich the frame, pump, piping, v Ives, sunc eter, -n& depth 
gauge are visible. 

ilg. 11 is • photograph of the t* bio top looking for- 
ward, in which the glass, ‘^Ir, and rock filter are visible. 
A typical experimental sot-up is shown in pi ce or the 
glass. 

In th* cours of construction t*o major difficufcies 
Acre encountered, mounting the glass rad obtaining laminar 
flow. 

The original intention ? ss to use £* plate glass both 
for rigidity and strength. This glass, could not be obt intc? 
within the time available, fter investigation of strength 
and rigidity properties, plate glass '?.as determined to 
be satisfactory and . u installed. This gi st, was supported 
only on the four sides, tbout one month after installation, 
this glass fractured. Apparently, the glass had sagged 
slightly in the center and the stress set up, in time, re- 
sulted in fracture. A second £ n Plate glass rs installed 
and the t w o angle iron br* ; ees were v idd*d ».s additional 
support. After about three r.c ks, a sep 11 fraction 
experienced at the after corner of the table. The c.uso of 



this second bre* k Is not del initely known . ho impact s„ ot 
is discernible end the glass is perfectly level. This break 
does not affect the operation of the table. 4 sheet of 
plate glass has been ordered and will be installed rs soon 
ss delivered* 

The Heynolds number of the flow on the table is very 
near the critical. In order to obtain laminar flow, the 
water trust proceed freta its entrance into the forward tank,, 
through the rock filter, over the weir and on to the table 
with gradual turns. The weir surface must be extremely 
smooth since any protuberance will set up a disturbance 
and force the water into turbulent flow. The first weir used 
was constructed of wood. A really smooth surface could not 
be obtained on the wood available, and this w.-s discarded 
in favor of the weir constructed of brass. laminar flow is 
now obtained throughout the practical range of flow veloci- 
ties. 
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PART III 



APPLICATIONS OP THE *ATKh T/iBLS 

The applications of the water table in connection 
with the study of air flo> are a ny in number. The water 
table may be used to study any type of t* o-disaunaion&l 
sir flow vhich does not involve a change in the total 
energy. Some of the more important applications, in the 
opinoin of the riters, are as follows* 

(1) the investigation of the flo< of supersonic air 
in and arourd sir foils, inlets, nozzles, and diffusers, 
yodels mu^t be designee md fabricated for air flow with 
a 7f = 1*0. 

confirmation of the validity of assumptions n&ac 
in the development of air flow theory. Using ^ * L.O in 
the equations, the theory can be checKed with experimental 
results obtained from the ter table. The * ster table 
offers -n excellent medium for studying the little known 
transsonic region. 

(5) as a laboratory apparatus for demonstrating the 
accepted theory of various types of g< s flow. 

One example of the applications of the water table 
is demonstr ted in the case of flow of supersonic eir 
around a simple edge. The purpose of the experiment was 
to check the n ; ter analogy * ith the existing theory on 
angle shocks.^ 

7. Bailey, On. cit , p. 4. 



A sketch of the .edge used in the c* eriment is shofen in 
Fig. 8. Experimental data can be found in Table I. Table II 
contains the results calculated from the experimental data. 
Table III contains the results calculated for air *ith a 
If* 2.0. Sample calculations can bo found in Appendix A. 

A comparison of Tables II and III, sho«s the correlation 
between the water table analogy and air flow is ithin the 
limits of experimental accuracy. 






The theory of the analogy of t.o dicst*n*Ion- 1 air flo« 
to the flo w of water si fch a free surface hr bet.n presented, 

Tha details of construction of the s, ter table, which 
utilizes tli© water analogy in the stuay of air flo*., has 
been described,. 

The oper tion 'nd ui application of the *&ter table 
h«ve been demonstrated. 

The ^ater table could be employed to a d«cideo «d- 
vant ge by the organisations «hich use the few supersonic 
Kind tunnels in exist-nce in this country to stuny the 
flo» of high velocity air. Such of the work. done at present 
in the wind tunnels could be aecon lished on a i.attr table 
with the resultant considerable swing in time and expense. 

The emphasis in this work has been on su- ersonic sir 
flow, however, the water table c- n b' used for subsonic 
sir flov investigations. It is » fine laboratory apparatus 
for demonstrating hydraulic and air flow theory vi-jUtliy. 

The operation of the present . ter t ble .%ould be 
enhanced uith the use of a depth gauge capable of measuring 
to 1/1000 inch, h further ref in orient in control of ...ter 
flow is necessary. It is suggested thi t tha present pump 
• nd motor be repleeed by a controllable direct current 
electric drive v^riblc speed centrifugal pump. It is Iso 
suggested inord.-r to ecur^ttly measure shock ngles 

on photographs, a fs*r*llel light syst b- constructed. 
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APPiJIjDIX A 



->AL'LT CALCUL*flOXS 



Run I 

A • ci oss section*! of * : tor fiors, e ual to hw, x t'i 

£ - iZr ch nuxbcr of • ter flos, v /v* 

v e « r-rter velocity, fps 

- velocity of pro og< tiori of e surface *>.ve, fp* 
w = width of s ter flow, ft. 

8 s shock *ngle, deg. 



a ter Flow 

v s Jk r i /h = w.bGS ft/so c 

v* r gh S y .r x .eld s fi/aec 

K* = ,. 865 / 0.441 - l.i«k 

h a /hp* |l - y~l Jl. - .5 X ,Soj X i.V< 

h /h x = .S10/.G08 r 1.C67 

P /P x = (h/h^)" = (1.SS7) 2 r 1.775 

h^/h. - h 0 /h x X fc : /h = o.L.,5/1.6G7 - 1.756 



X, 



- 1) =^ ( .753) = 1.620 



Mr,ja.Q£..iXg. «..*&! 



/n 

i 



V Xr sin*" * 

TS 



r-i 

171 = 



.-•5 X ^1-55 JL 



rs O. G«* 



fc~ - 



\/E^32!3shZ 

I V cos*- % 



(r- -Q - 









V 



(I - -.0 x > ,55) . .6" 
,8o X . ,04.5 



1 

L 



1.017 




- i«i . * •• «i 







Tabic I 



Fifteen Degree ©age 



Experiment-. 1 Mm uuresscnts 
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ft 
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<3 eg. 


1 
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.OlU 


54 
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Table* II 



riftutn Degree age 



Calculated Values 



fun Ko* 


V * 


V 

K 
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V' fe i 




?../• i 


1 >o /1 'v. 


* 

«* 




fps 


fps 


- 


- 


- 




- 


- 


1 


<..«V§5 




1 .& 6 * 


l.V 5 


1.567 


>..775 


i . 70 . 


X * * * u 




1 , 3<; 


. *iA C? 


* .115 


S.CsO 


« ,001 


4.000 


6- 3 


13 X 4 




^*«XiO 


0,440 


*J * &J<J 


•*.55 


1.630 


8. COO 


7 . *.80 


i * 54iw 



Table III 



Fifteen Degree ecige 



Calculated Values for Air tlDi X - n.u 



i iiin I? o + 


% 


p /Pi 

JL 


M. 

iv 


i 


1.96.” 


O . GiV. 


1.0G7 




L.t la 


3.fc8 


1.700 
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o* 400 


8.18 
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Abrupt Energy Transformation 
in Flowing Gases 

By N. P. BAILEY, 1 TROY, N. Y. 



After setting up the basic equations of energy, flow, and 
acceleration, this paper compares theoretical and actual 
plane compression shocks in tubes. By making the single- 
plane-angle shock a special case of a plane shock, curves 
for solving numerical cases are presented. Even though 
most angle shocks encountered in engineering are three 
dimensional, it is felt that the simple theory of single- 
plane shocks is helpful in understanding such phenomena 
without the complications of three-dimensional theory. 
Traverses of three-dimensional angle shocks in nozzle and 
orifice discharges are presented and discussed, and tem- 
perature traverses through shock diamonds in high- 
temperature streams are shown. Although no complete 
explanation exists for thermocouple readings in excess of 
the total gas temperature in such high-temperature 
shocks, their existence is established. As a last case of 
abrupt energy transformation in gas streams, tests of 
combustion with flow in a constant-area tube are given. 
Experiment and analysis agree that the assumptions of 
constant -area flow and steady or continuous flow do not 
appear to be simultaneously tenable when combustion is 
present. 



6 = shock angle, deg 
p = mass density, slugs per cu ft 

Introduction 

Mechanical-engineering literature is rich in analytical and 
experimental information on the continuous, steady flow of gases 
but there is need for a wider familiarity with gas flow when 
such discontinuities as compression shocks and combustion with 
flow are present. . The aim of this paper is to present some 
analytical and experimental information on such discontinuous 
and intermittent phenomena. 

Flow Momentum and Energy Concepts 

In any case of flow, such as illustrated in Fig. 1, the difference 
in the rate at which mass enters and leaves the volume, Adx 
must be balanced instantaneously by the rate of storage, or 



d(p^) , , , dp 

— ax = — Adx — 

dz dt 



[ 1 ] 



At any instant the mass of fluid in the volume {Adx) is ( pAdx ) 
and, if it receives a change in velocity 



a \ Nomenclature 

The following nomenclature is used in the paper: 

A — area, sq ft 

C P = specific heat at constant pressure, Btu per lb per deg F 
C v = specific heat at constant volume, Btu per lb per deg F 
Ci = constant of integration 
Ci = constants of integration 
d — total differential 
d = partial differential 
F = friction force, lb per ft of length 
g = acceleration of gravity; 32.2 fps per sec 
H = rate of heat release, Btu per sec per cu ft 
J = 778.26 ft-lb per Btu 
L = mechanical work, Btu per lb 
M = Mach number 
P = pressure, psfa 
Q = heat added, Btu per lb 
R = gas constant; 53.3 for air 
T = temperature, deg Rankine (R) 
t = time, sec 

V = specific volume cu ft per lb 
v = velocity, fps 
W = weight flow, lb per sec 
x = distance, ft 
a = deflection angle, deg 

y = ratio of gas specific heats; 1.395 for cold air 

1 Head, Mechanical Engineering Department, Rensselaer Poly- 
technic Institute. Mem. A.S.M.E. 

Contributed by the Research Committee on Fluid Meters, for 
presentation at the Annual Meeting, New York, N. Y., December 
2-6, 1946, of The American Society of Mechanical Engineers. 

Note: Statements and opinions advanced in papers are to be 

understood as individual expressions of their authors and not those 
of the Society. 



c)t) , dv 
dv = — - dx + — dt. 
dx dt 



.[ 2 ] 



the acceleration is 



dv dv dx dv dt 

dt dx dt dtdt 



vdv dv 
dx dt 



[3] 



For a wall friction or obstruction force, Fdx, a summation of 
forces in the flow direction gives 

dx = Fdx — pAdx — \ — r* — 0 [4] 

dx [_dx dt J 

A useful relationship may be had by multiplying Equation 
[1] by v and adding it to Equation (4) to give 



AdP + vd [pAv] 
dx dx 



dv 

~{ P vA) P A 

dx 




Avdp 

dt 



..[5] 



[ PdAl 

to both sides of Equation [5] and remember- 

5z J 

c)A 

ing that — = 0 for a rigid passage, Equation [5] may be written 
dt 



_ _ dlPA + pAv>] J , 7 

PdA — Fdx = dx H r— dx. 



dx 



dt 



.[ 6 ] 



d(pAi;) 

For the usual steady-flow case where = 0, Equation 

• CP t 

[6] says that the net wall force on the gas in the direction of flow 
is 

PdA — Fdx = d [PA + P Av 2 ] [7 ] 



1 



1-4? 



Discussion on this paper will be accepted until February 3, 1947 
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where [PA 4- pAv 2 ] is the total momentum per second in pounds 
passing any section. 

r pi r v 1 

L P SR T \ L VygRTj 

it is often convenient to express Equation [7]. 



When this is combined with the Mach number definition 




7 gRT 



[ 13 ] 



The result is 



Net wall reaction = Pd A — Fdx = d [PA(1 + 7 M 2 )] . . [8] 

This statement is true only so long as the flow is steady and 
it does not hold when the mass flow ( pAv ) changes with time. 
However, since any such flow variation must go through a re- 
peated cycle, the average value of f d(pAv) must be zero and 
Equation [7] may be used to evaluate the average wall force even 
when the flow is unsteady or intermittent. This point will be 
covered by experimental work later. 

As gas flows along a channel as in Fig. 1, any thermal energy 




r (static) = [14] 

For the case of steady flow 

W = pgAv [15] 

and this combined with the gas equation and with Equations 
[13] and [14] gives 



Equation [16] is very useful in all cases of steady flow at con- 
stant total energy. 

Plane Shocks 

For the simple case of steady flow at constant area and con- 
stant total energy with no appreciable wall friction, Equation [8] 
becomes 

P( 1 + 7 M 2 ) = Pj( 1 + 7 Mi 2 ) = P 2 ( 1 + 7 M 2 2 ) = const. . [17] 
and Equation [16] may be written 



{dQ) that is released or added, and any work done on it ( dL) y as 
in a compressor impeller, must be accounted for. Some of it 
will go to change the internal energy ( C v dT ) and part to do flow 

work (T) as the gas flows through a pressure change. With 

a pressure change (dP), a compressible gas will undergo a volume 

change (dV), and do an amount of expansion work 

and an increase in velocity would induce a kinetic-energy change 

(i'4 

This results in an energy-balance equation 

dL + dQ = C\dT + - VdP + - PdV + — vdv . . . . [9] 
J J Jg 







?M.|1 + • 7 - 1} M 2 



= PiMi yj 



1 + M, 2 






= P 2 M 2 A /1 + M 2 2 = const [18] 



When {P 2 /P 1 ) is eliminated between Equations [17] and [18], 
one obvious solution for the equation of constant area and con- 
stant total energy flow without friction is for (Mi = M 2 ), but 
when this root (M 2 — Mi) is factored out, the result is 



1 + — — M,> 



M 2 2 = 



7 M/ 



(-K-1) 



■ [19] 



and 



A reversible process is characterized by dQ = 0 and 

C p dT + 1 PdV =0 [10] 

J 

Such a process is thus defined as one where the only internal 
energy change is the inevitable one resulting from compression 
or expansion work. 

A useful form of the energy equation for general applications is 
dL -p dQ = - — 7 : dT + y- vdv [11] 

(7—1) J Jg 

For the case of constant total energy ( dL = 0 and dQ = 0), if 
Equation [11] is integrated between any velocity v , and corre- 
sponding static temperature 7\ and a final velocity of zero where 
the static temperature is the same as the total temperature T 0) 
the result is 



P 2 /P 1 



2 7 M ! 2 - — (7 — 1 ) 

(7 + 1) 



[ 20 ] 



This means that for any superacoustic Mach number Mi, 
there is a subacoustic Mach number M 2 , which satifies the condi- 
tions of flow. This defines a plane compression shock which 
is a discontinuity, occurring theoretically in an extremely short 
distance. Whether or not it will occur in any case depends 
upon operation conditions. Since channel friction 2 causes 
superacoustic flow to approach the acoustic, for any initial 
Mach number there is a maximum flow distance for which shock- 
less flow is possible. 

A shock may also be induced in a shorter channel by applying 
the correct back pressure. For any initial Mach number and 
channel friction, each position of the shock uniquely determines 
one back pressure. This is illustrated in Fig. 2, where A — 1 — B 
represents flow that is all supcracoustic. If the back pressure 



7 gRT + 



(7 — i) 



v 2 = 7 gRTo 



[ 12 ] 



2 “The Thermodynamics of Air at High Velocities/' by N. P. 
Bailey, Journal of the Aeronautical Sciences , vol. 11, July, 1944, p. 
227. 
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is raised somewhat, the flow adjusts to it by a plane compres- 
sion shock at some point 1, going to subacoustic flow at 2, and 
discharging subacoustieally at C. Equation [19] indicates that 



the Mach number after shock approaches 






(t — 1) 

2y 



as Mi becomes 



very large, and it cannot go below that value. 

The magnitudes of the pressure rise and Mach number change 
of actual compression shocks check well 2 with theoretical values 
from Equations [19] and [20]. However, instead of being com- 
pleted in a negligible distance, the pressure rise extends over a 
distance of from one to five pipe diameters. 

This is illustrated by the test data shown in Fig. 3. Both wall 
and center pressure traverses were taken for the conditions shown 




t : . 



and after a series of angle shocks in the first 1.15 in. of the tube, 
the wall and center pressures became the same, and a plane com- 
pression shock was initiated. The Mach number as calculated 
from Equation [16] for an initial pressure of 14.33 in. of mercury 
was Mi = 1.37. Similarly at the final pressure of 29.50 in., 
M 2 was 0.75. From Equation [19], a shock, started at Mi = 
1.37, should have ended at M 2 = 0.748, and from Equation [20] 
the pressure should be P 2 = 29.50. 

The only discrepancy lies in the fact that the pressure rise is 
distributed over a length of 1.3 in. instead of being an abrupt 
change as illustrated in Fig. 2. The explanation of this lies in 
the effect of boundary layer and the use of a manometer to 
measure pressure. Since the flow in the boundary layer is sub- 
acoustic, no compression shock and corresponding pressure rise 
can occur in it. This means that at any instant the large pres- 
sure rise across the shock front is short-circuited through the 
boundary layer. This immediately causes the shock to col- 
lapse and form at some other point, only to collapse again. 
Since the manometer reading is a time average of the pressure 
at any point, a value of one half the pressure rise, occurring at 
1.4 in., Fig. 3, merely means that the compression shock is 
upstream from that point one half the time and downstream 
from there the other half of the time. The shock is constantly 
dancing back and forth in the tube, never being further upstream 
than the 1.17-in. point and never further downstream than 2.5 
in. 

This explanation is borne out by high-speed photography, as 
well as by the fact that an open-end impact tube tunes to a shrill 
whistle in such a shock region. Consequently, the simple pic- 
ture of Fig. 2 will have to be modified to show the compression 
shock (1-2) as sweeping back and forth in the tube through a 
distance that varies with boundary-layer thickness, tube size, 
and initial Mach number. 

Angle Shocks 

When supersonic gas flow encounters an obstruction which 
calls for it to change its flow direction, an angle shock will occur. 
This is because the approach velocity is so high that the first 
molecules to find themselves in trouble are not capable of sending 
a distress signal upstream. This means that each successive layer 
of gas molecules must run into the same trouble with no warning. 

This is illustrated in Fig. 4 for the simple two-dimensional 
case where supersonic parallel flow at a velocity Vi, must turn 
through an angle a, and flow parallel in a new direction. This 
entire change takes place in a shock front at an angle 0, from the 
original flow direction. Such an angle shock may be made into a 
special case of the plane shock, discussed previously, by viewing 
it as a normal velocity (vi sin 0), going through a plane shock to a 
velocity v 2 , and this all occurring in a flow field having a uniform 
velocity (i>i cos 0) parallel to the shock front. This can be^done 




Fig. 3 Compression Shock in a Tube 



Fig. 4 
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because there is a pressure rise normal to the shook front but 
no pressure gradient to give a velocity change parallel to the 
shock front. 

From Fig. 4 the condition that the normal component of the 
velocity must be reduced to a value t>>', that will cause the final 
velocity v iy to be turned through an angle a , may be stated as 

vt 

= tan ( 0 — a) [21] 

Vi cos 9 



From Equations [13] and [14] 



V\ cos 9 



y/ ygRTo i Mi cos 9 

^/i + flllP m, 2 



[ 22 ] 



Also, since vT = v x sin 9, for the same static temperature r l\ = T\* 
Equation [13] says that 



M, 



Mi sin 0 



[23] 



From Equation [19] then 

1 + ^ M/ 2 1 + ^ 2 ^ Mi 2 sin 2 0 

M/2 r = (7=T> • • [24] 

7 M/ 2 - — yM^sin 2 # — — 

2 2 



Before ( v 2 ') can be evaluated from Equations [22] and [24], the 
total temperature T 0 * = T 0 \ must be expressed. The static 

temperature T\ = T\ may be evaluated from Equation [14] as 



Ti = T\ = 



1 + — M,‘ 



[25] 



Since, from Equation [22] 



Vi = t;i sin 9 = 



y/ ygRTo i M t sin 0 



V 



1 + — M, 2 



[26] 



and from Equation [12] the total temperature T 0 / is 



T ol ' = To,' = T\ + 



(7 — 1) 



27 gR 

This gives the total temperature T 0 2 as 



[ 27 ] 



To* = 



(7 — 1) 

1 + — — — Mi 2 



+ 



( 7 — 1) T'oi M t 2 sin 2 9 






[28] 



Using Equations [24] and [28' in 

y/ ygRTo * M2 



v* 



V 



1 + M/ 2 



[29] 



gives 



v* = 



VygRT , [ 



(7 1 ) 

1 + — Ml 2 sin 2 9 



V 



1 + — - 1) M, 2 



(7 + 1) 



[30] 



2 2 
From Equations [30] and [22] in [21] 

tan (9 — a) =4 



Mi sin 0 



Mi 2 sin 2 1 



(7 + 1) Mi sin 2 9 



[31] 



Equation [31] defines the shock angle 6 for gas flow at an initial 
Mach number Mi, being deflected through an angle a. 

Using M/ = Mi sin 9 in Equation [20] gives the static-pres- 
sure-ratio rise through the single-plane-angle shock as 



P, _ 2 7 Mi 2 sin 2 0 ( 7 — 1) 

Pi ~ 



(7 + 1 ) (7 + l) 

The resultant final velocity is given by 

t ’2 = y/ v* 2 + Vi 2 cos 2 9 



[32] 



[33] 




Fig. 5 Shock A noli: 9 Versus Deflection Angle ct 
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Using Equation [21] for v 2 and Equation [22] for V\ cos 0 in 
Equation [33] 



v 2 = — 

V 



\/ ygRToi Mi cos 0 



1 + ~ 2 ^ M ' 2 cos ^ — 



From Equations [12] and [13] 



M 2 = 



1 



V 



ygRT o2 (y — 1 ) 



[34] 



[35] 



Since Vi and v 2 arc total velocities and a compression shock is at 
constant total energy, T 0 i = T 0 2 



M 2 = 



1 



r 1 + - 9 x) M > 2 


cos 2 (0 — • a) 


L 2 J 


(7 — 1) 



[36] 



" Mi 2 cos 2 0 2 

This gives the final Mach number M 2 , after an angle shock from 
an initial value of Mi, when single-plane flow is deflected through 
! an angle a. 

Fig. 5 shows values of shock angle 0, plotted against the deflec- 
tion angle a , for various values of initial Mach number as calcu- 
lated from Equation [31]. For each value of Mi there is a 
maximum deflection angle for which angle shock conditions can 
be satisfied and for any increased deflection angle a plane shock 
will result. This maximum point represents the conditions 
where a wedge in a free stream would cease to have angle shocks 
from its nose and would have a bow shock out in front of it. 

Fig. 6 shows corresponding values of shock-pressure ratio for 
var,' .tys conditions, anti Fig. 7 shows the final Mach number after 
an angle shock. Whereas the flow after a plane shock is always 
subacoustic, it may be either above or below sonic in the case of 
angle shocks. 

When supersonic air flows past a wedge, the angle shocks are 
stably anchored at the nose of the wedge, but when a boundary 




Fig. 7 Mach Number After Shock Versus Deflection Angle a 



Fig. 6 Shock-Pressure Ratio Versus Deflection Angle a 

layer is present, th' shock pressure rise is distributed over an 
appreciable distance as in the case 'of a plane shock. 

In Fig. 3, where the first angle shock originated at the wall, the 
pressure rise extended from 0.14 in. to 0.22 in. The first pres- 
sure rise indicated by the center trav- 
erse spread between 0.56 in. and 0.72 
in. In the next angle shock at the wall 
where the boundary layer was thicker, 
the pressure rise extended from 0.80 
in. to 0.95 in. This would indicate that 
angle shocks emanating from a channel 
wall are unstably anchored to a sub- 
sonic boundary layer the same as plane 
shocks. 

Shocks at High Temperatures 

When a gas flows through an orifice or 
a parallel-walled nozzle under a pressure 
ratio greater than that needed to pro- 
duce sonic velocity, the sudden adjust- 
ment of the gas pressure to the lower 
back pressure produces a variety of angle 
shock patterns. Fig. 8 shows static and 
impact pressure center traverses for 
such flow from a simple nozzle, to- 
gether with the probable shock and 
rare- faction wave pattern. 

The fact that each pressure rise is 
spread over a distance of 0.15 in. indi- 
cates that, owing to the boundary layer 
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in the nozzle, the bhock pattern was not stable and stationary 
in space. Further evidence of such instability was furnished by 
the whistling of the impact tube in the region from 0.05 in. 
inside the nozzle to 0.10 in. outside of it. 

The loss of impact pressure and the subsequent recovery of it 
between 0.15 and 0.40 in. marks the region where the flow was 
sufficiently supersonic to produce a serious shock in front of 
the impact tube. The distance of this shock bow in front of the 
impact tube appears to have been about 0.08 in. 

It is usually assumed that the first angle compression shock 
emanates from the nozzle wall, but the traverse of the jet from 
an orifice, shown in Fig. 9, indicates that angle compression 
shocks can originate from a jet boundary. Sonic velocity was 
not reached until 0.2 in. from the orifice and no disturbance 
reached the center traversing tube in the first 0.33 in. At that 
point an angle shock and the subsequent rarefaction were fol- 
lowed by a plane or bow shock in front of the tube shown in the 
stream. 

Such shock patterns as shown by the curves in Figs. 8 and 9, 
respectively, are quite common, and alternate compressions and 
rarefactions usually persist for 6 or more oscillations before they 
are damped out. With low-temperature gases, they are detecta- 
ble only by making pressure traverses or by schlerin photo- 
graphs. 

When these shock patterns occur in high-temperature prod- 
ucts of combustion, the high-pressure-shock diamonds are directly 
visible and arc usual ly a beautiful blue color. Such a view is 
illustrated in Fig. 10. Fig. 11 shows test results for thermo- 
couple readings taken in such a shock region in a stream of 




products from an orifice approximately 2 in. diam. The first 
reaction to such results as shown in Fig. 1 1 is that of utter dis- 
belief. However, the chance of unusual instrumentation errors 
has been systematically eliminated by repeating such test runs 
under a variety of conditions, always with the same results. 

The next idea is that there is unburned fuel being discharged 
from the orifice, which burns on the surface of the thermocouple 
and produces a local temperature rise. The chance of this being 
the case is very small for two reasons: (a) The original burner 

temperature checks a heat balance on the air and fuel supplied 
within 2 per cent; (5) the appearance and color of the shock 
diamonds are not at all altered by the insertion of a thermocouple. 

Another possible explanation is that some unstable oxides of 
nitrogen are formed in the region of shock where there are rates 
of deceleration greater than 2,000,000 g. This again has been' 
eliminated by burning propane with pure oxygen and observing 
exactly the same phenomenon. 

Fig. 12 indicates that it is a phenomenon definitely associated 
with shocks. The data for the curves in Figs. 12 and 13, re- 
spectively, were taken in a 3 /i6-in. jet with a fairly large thermo- 
couple ( l /rin. sheath), so the cooling effect was quite pronounced. 
As a result, the excess temperatures shown are much smaller 
than those shown for the large jet in Fig. 10, but they are more 
analytical. 

Fig. 12 indicates further that this phenomenon is definitely 
geared to the strength of the compression shock, for it com- 
pletely disappears at orifice or burner pressure ratios where 
shocks are not present. It would naturally be expected that an 1 
unshielded thermocouple in a small stream of hot gases would 




Fig. 8 Sudden Expansion From a Simple Nozzle 



Fig. 9 Sudden Expansion From an Orifice 
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4G. 10 High-Pressure-Shock Diamonds in High-Temperature 
Products of Combustion 




Fig. 12 {Above) Thermocouple Readings in Shock Diamonds 
Using Combustion Products of Propane and Air: Effect of 

Burner Pressure Ratio on Excess Temperature Readings 

Fig. 13 {Below) Thermocouple Readings in Shock Diamonds 
Using Combustion Producers of Propane and Air: Effect of 

Burner Temperature on Excess Temperature Readings, 
Burner Pressure Ratio — 3.62 

read from 100 to 200 deg F low owing to radiation losses and 
velocity errors, and that is what happened below pressure ratios 
of 1.9. 

Fig. 13 indicates that within the limits of accuracy of the test 
data, the amount of excess temperature is fairly independent of 
burner temperature above 1100 F. No test data are available 
for initial temperatures between 1100 F and 80 F. However, 
repeated attempts to find excess thermocouple readings in 
shocks at a temperature at 80 F failed. 

Since the thermocouple metal reaches a temperature greater 

than the total temperature of 




the gas before it is in energy 
equilibrium, it is evident that 
it is being bombarded by some- 
thing besides gas molecules. 
The violent deceleration of the 
hot gases in the shock could 
produce such a high concen- 
tration of ions that their bom- 
bardment and neutralization 
at the thermocouple metal 
surface could cause the metal 
to reach a very high tempera- 
ture before energy equilibrium 
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is readied. This phenomenon deserves a thorough investiga- 
tion. 3 

Combustion and Flow 

Combustion of air-fuel mixtures is customarily done with no 
appreciable flow velocity and too little is known of the mechanism 
involved when combustion occurs in a high-velocity air stream. 
The most commonly discussed case of combined combustion and 
flow is that of burning in a constant-area passage which is such a 
short distance that wall friction forces may be neglected. 

If it is also assumed that the area is constant and the flow is 
steady, Equation [7] gives the condition for constant momentum 
per second as 

+ pi^i 2 = P 2 4* P 2 V 2 2 [37] 

solving for the increase in velocity pressure 

Pfl _ _ P 1 — Pj roo, 

2 2 2 

This says that the gain in velocity pressure is only one half the 
drop in static pressure. It was to find out, if possible, how the 
gas stream goes about losing the rest of this static pressure with- 
out wall friction that the following tests were made: 

The l 3 /g-in-diam thin-walled tube, used in Figs. 14 and 15, 
was lined up axially in the air stream from a 3-in-diam nozzle. 
Hydrogen for heating was introduced through the 3 / 8 -in-diam 
tube shown. By regulating the size and arrangement of hy- 

3 Such a program is being carried on by the Mechanical Engi- 
neering and Physics Departments of the Rensselaer Polytechnic 
Institute. 



drogen jets and the hydrogen pressure, a uniform temperature 
could be reached across the entire cross section. Static anc 
total pressures was obtained with Vio-in. traversing tubes, ant 
temperatures with an unshielded thermocouple of the same 
maximum diameter. All values shown represent averages o 
the annulus around the hydrogen tube. 

In general, two quite different sets of conditions could be ob 
tained. When the heating was uniform across the tube the re 
suits in Fig. 14 are representative of several tests. The burning 
was a series of explosions at the resonant frequency of the tube 
This frequency was high enough for manometers and thermo 
couples to give steady readings, but it was a violently noisy forn 
of combustion. The thing which characterizes these result! 



showa in Fig. 14 is that the velocity pressure 




increases ir 



the region where the temperature is rising. 

However, when the hydrogen tube was placed slightly off centei 
and the tube wall became a bit hotter on one side, the combustior 
became anchored and was very quiet and orderly. The traverses 
in Fig. 15 are typical of these tests, and they are eharacterizec 
by the fact that practically all of the velocity-pressure increase 
occurred ahead of the temperature rise. The chief loss in tota' 
pressure occurred in the burning region where the velocity pres- 
sure remained essentially constant. 

This would indicate some form of jet separation in the tub( 
ahead of the combustion, followed by combustion at essentially 
constant velocity pressure as the flow again filled the tube 
Fig. 16 shows the velocity plotted against absolute temperature 
and for the tube to flow full, the velocity would be essentially 
proportional to temperature, that is, if the weight of hydrogen 





Fig. 14 Combustion in Straight Tube; Explosive Burning 



Fig. 15 Combustion in Straight Tube; Quiet Burning 
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idded and the small pressure change are neglected. The points 
>efore and after combustion do lie very close to such a line, but 
he velocity in the burning region is much higher. This furnishes 
i good indication that the tube was not flowing full. 

In the second section of the paper it was concluded that even 
vith unsteady flow, Equation [33] would be true for averaged 
readings. For the case of the curve in Fig. 14, for intermittent 
low and explosive burning, the ratio of velocity-pressure increase 
j,o static-pressure decrease was 0.65 instead of the theoretical 0.50. 
In the steady-flow case in Fig. 15 it was 0.57, and for another 
.series of eight tests it varied from 0.52 to 0.58. Since Equation 
j[38] does not account for the addition of hydrogen to the flowing 
gas stream this is not a bad check. 

It is easy to assume that just because combustion occurs in a 
constant-area tube the burning occurs at constant area. The 
imited amount of test work at hand would seem to cast doubt 
:>n the validity of the simultaneous assumptions of steady flow 
and constant-area combustion. 

Some of the implications of these assumptions may be had by 
assuming a rate of heat release of H Btu per sec per cu ft of vol- 
ume, and stating that for steady operation an amount of energy 
AHdx must be transported out of the volume Adx } each second; 
or, from the energy equation 

W 

HAdx = WC p dT + — vdv [39] 

Jq 



For acceleration, with no wall friction 



dv W 

AdP — — pAdx — — — pAvdv = — — dv. 

dt g 



• [40] 



For steady flow 



W = pAgv = — 



[41] 




Integrating Equation [40] 

W 

AP = — - v + Ci [42] 

9 

For any initial condition P t and v h C\ may be evaluated to give 



v = vi + — (Pi — P) • 

W 



[43] 



From Equations [40] and [43] 

vdv = — dP 
W 

Differentiating Equation [41] 
A 



V\ + 






[44] 



+ > 1451 



From Equations [40], [43], and [45] 

iT ' Wv dp [« + Tr ]-*W ■ - 1461 



From Equations [44] and [46] in [39] . 
dP HW 



dx ( 


(c, l\ 


W Vi ~] 


c p ) 




\B-Jj 


L^ +(Pi - p) J 


\-n P \ 



Since, from Equation [41] 

Wvt = Wiv i = ~ 

111 1 



[48] 



Fig. 16 Velocity-Temperature Traverse for Curve, Fig. 15 



and from definition 



Vl 2 

t gRTi 



Mi 2 , 



and 

1 = Gy = 1 

R J R J(y — 1) 



[49] 



[50] 



Equations [48], [49], and [50] with Equation [47] given 



dP 

dx 



HJW( 7 — 1) 
PigA 



• • • [51] 



(7 + 1) - — ( 7 M 1 *+1) 
_ P i 



This type of a pressure gradient has all the earmarks of in- 
stability, for ( dP/dx ) becomes a greater negative value as P be- 
comes smaller. This would indicate that the effect would tend 
to cumulate until ( dP/dx ) becomes minus infinity which would 
be a discontinuous front. Consequently, analysis appears to 
bear out the experimental conclusion that true constant-area 
burning cannot also be a steady-flow phenomenon. 
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